Abstract
Introduction

46
The highly polymorphic human leukocyte antigens (HLA) are crucial in presentation of self, non-47 self and tumor antigens to T cells, and play a crucial part in autoimmunity and infection responses, as well 48 as in organ and hematopoietic stem cell transplantation (HSCT). In the thymus and bone marrow the HLA 49 molecules presenting self-derived peptides to maturing T-and B-cells induce the central tolerance. The 50 classical HLA genes are divided into two classes. HLA class I genes including HLA-A, HLA-B, and 51 HLA-C are expressed on the surface of all nucleated cells, whereas the expression of class II genes; HLA-52 DR, HLA-DQ, and HLA-DP is restricted to professional antigen presenting cells. [1, 2] Recently a few 53 studies reported varying expression levels of HLA alleles based on the real-time polymerase chain 128 however, for both the correlation was moderate at best. In the gene-wise comparison the strongest 129 correlations were seen in HLA-A (r = 0.57, p < 0.0001) (Fig 3D) , HLA-B (r =0.59, p < 0.0001) (Fig 3E) , 130 HLA-C (r = 0.68, p < 0.0001) (Fig 3F) , HLA-DQA1 (r=0.59, p < 0.0001) (Fig 3H) , HLA-DQB1 (r =0.49, 131 p = 0.0003) (Fig 3I) , and HLA-DPA1 (r = 0.54, p = 0.0002) (Fig 3J) , and the lowest in HLA-DRB1 (r = 132 0.46, p = 0.0022) (Fig 3G) , and HLA-DPB1 (r = 0.47, p = 0.0009) (Fig 3K) . The correlation comparisons 133 of allele ratios between ONT and Illumina datasets suggest that we are either unable to assign all the reads 134 properly to the correct alleles or that we miss UMIs in the UMI quantification step with ONT data, or 135 both. This result indicates the difficulty of finding the UMI position in ONT reads compared to Illumina 136 reads where the 10 bp UMI is always sequenced first in the beginning of read 1. Due to a moderate 137 correlation result between ONT and Illumina, no gene-and allele-level expression comparison is shown.
138
HLA gene-specific expression 139 To characterize gene and allelic expression profiles across samples Illumina cDNA and HLA 140 amplicon UMI counts were normalized to library size using the CPM method. First, we explored the 141 amount of HLA expression from the total expression of all genes across the samples using unique UMIs (Fig 4) . In the cDNA data HLA-B and -C were expressed at 149 the highest levels. HLA-A gene expression was lower compared to the two other class I genes. In the 150 HLA class II HLA-DRA and -DRB genes were expressed at the highest levels following -DPA1 and -151 DPB1. HLA-DQA1 and -DQB1 were expressed clearly at the lowest levels. The evaluation between the 152 two Illumina datasets revealed that in the HLA amplicon dataset HLA class II has higher gene-level 153 expression than in the Illumina cDNA dataset. The genes expressed at the highest levels in this data were 154 HLA-DRB, and HLA class I genes. The bias towards HLA class II and especially in HLA-DRB in the 155 HLA amplicon data most likely arises from the different efficacy rates of HLA primers used in the 156 amplification and leading to uneven pooling in the library preparation step. Since every cell expresses 157 HLA class I, it is logical that the expression of HLA class I genes should be higher compared to HLA- 
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By comparing the expression levels to the mean HLA-B mRNA expression value of 2158, alleles 193 B*07:02 (n = 18), B*08:01 (n = 7), B*15:01 (n = 11), and B*39:01 (n = 4) had a higher expression and 194 B*13:02 (n = 6), B*27:05 (n = 5), B*35:01 (n = 14), B*40:01 (n = 5), B*44:02 (n = 4), and B*51:01 (n = 195 4) had a lower than the mean expression level (Fig 7B) . Alleles B*18:01 (n = 6) with a mean of 2094) 
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The comparison of HLA-DRB1 expression values to the mean expression value of 745 208 categorized DRB1*01:01 (n = 16), DRB1*10:01 (n = 3), and 15:01 (n = 17) into a group of high-209 expression associated alleles, whereas DRB1*03:01 (n = 7), DRB1*07:01 (n = 9), DRB1*13:02 (n = 5), 210 and DRB1*16:01 (n = 4) were grouped to a low-expression ( Fig 8B) . Alleles DRB1*04:01 (n = 6), 211 DRB1*08:01 (n = 10), and DRB1*13:01 (n = 12), were considered neutral. Overall, this locus was very 212 heterozygous as only four homozygous individuals were observed in DRB1*01:01 and DRB1*08:01. In 213 contrast to HLA-A and HLA-C, homozygous individuals in HLA-DRB1 were expressed at higher levels. (Fig 8A) . This might derive from a bias problem between two alleles in the read assignment.
228
Reads which passed the set parameters in the read assignment after alignment are considered in the UMI 229 counting. With homozygous and hemizygous alleles there is no need to assign reads between two alleles 230 and hence a bias might occur if more reads are saved for the UMI counting compared to the 231 heterozygotes.
232
At HLA-DQA1 locus, DQA1*01:03 (n = 12), DQA1*03:01 (n = 8), and DQA1*03:03 (n = 3) 233 were associated with a higher expression levels when compared to the mean expression value of 67 (Fig   234  8C ). In contrast, alleles DQA1*01:01 (n = 17), DQA1*01:02 (n = 26), DQA1*04:01 (n = 9), and 235 DQA1*05:01 (n = 10) were linked to a lower expression. The alleles expressed at higher levels exhibited 236 a heterogeneous expression, whereas the expression of low expression associated alleles was more 237 uniform. Two alleles, DQA1*01:05 (n = 3) and DQA1*02:01 (n = 8) were not clearly associated to either 238 of the former groups and hence were considered neutral. Significantly different expression levels were 239 found between two high-low expression associated allele groups, DQA1*01:03 ~ DQA1*05:01 and 240 DQA1*03:01 ~ DQA1*05:01 (p < 0.05 for both). Among HLA-DQB1 alleles, only two alleles, 241 DQB1*05:01 (n = 20), DQB1*05:02 (n = 4) were associated with a higher expression compared to the 242 mean expression value of 234 ( Fig 8D) . The other DQB1 alleles, DQB1*02:01 (n = 8), DQB1*03:02 (n 243 = 10), DQB1*03:03 (n = 4), DQB1*04:02 (n = 9), DQB1*06:02 (n = 16), DQB1*06:03 (n = 12), and 244 DQB1*06:04 (n = 5) were associated to a lower expression with more homogenous distribution. Considering the mean expression value of 365 in HLA-DPB1 locus, alleles DPB1*01:01 (n = 3), 252 DPB1*03:01 (n = 14), and DPB1*14:01 (n = 3) were associated with a high expression, whereas alleles 253 DPB1*02:01 (n = 11), DPB1*04:01 (n = 40), and DPB1*04:02 (n = 19) were associated with lower 254 expression levels ( Fig 8F) . DPB1*05:01 (n = 4) was not linked to either due to its wide distribution of 255 expression values. Different from the other loci, HLA-DPB1 showed a strinkingly heterogeneous 256 distribution across the vast majority of alleles, excluding only DPB1*01:01, and hence no significant 257 differences were found between different allele groups.
258
Discussion
259
In the present study we demonstrate that it is possible to determine both the HLA alleles and their 260 mRNA levels using RNA sequencing methodology. 
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For each HLA gene, all reads of a sample were aligned to a database containing only the 537 reference sequences of the two identified alleles for the gene. For ONT reads, last was used with 538 parameters -s 2 -T 0 -l 100 -a 100 -Q 1 for alignment of the template, complement and 2D reads. For 539 Illumina reads, last with parameters -s 2 -T 0 -l 50 -a 100 -Q 1 -i1 was used for alignment of R1 reads 540 only, R2 reads only, and paired end alignment (using last-pair-probs). The three Illumina read alignments 541 were combined to include all reads that possibly originated from the two alleles. This alignment step 542 filtered out reads that do not map to the two known alleles for the gene. The set of reads that aligned to the two references of the known alleles were retained, and their aligned portions along with their base 544 qualities were extracted from the last MAF file format alignment output. To assign each read to either 545 allele, (i) the polymorphic positions between the two reference sequences of the known alleles are 546 identified by first performing multiple alignment of the two sequences (using msa R package) [39] , and 547 then getting the positions with high diversity (Shannon entropy index > 0.5) from the consensus matrix of 548 the two sequences (generated using Biostrings v2.46.0 and ShortRead R packages) [40, 41] , (ii) the 549 corresponding bases at the polymorphic positions are identified for the two reference sequences, (iii) 550 reads from the set of retained reads that aligned only to either of the reference alleles, covering at least 551 30% of the polymorphic sites with at least 60% accuracy are kept (60% or more accurate matching at the 552 polymorphic sites for the allele) and recorded as belonging to each allele; for reads from the set of 553 retained reads that aligned to both alleles, their aligned portions are re-aligned separately to each 554 reference allele sequence using overlap alignment (pairwiseAlignment function of Biostrings R package), 555 then Bayesian statistical model is used to assign each read to either allele as follows: the read's likelihood 556 of originating from each of the two reference alleles is calculated based on how well the read matches the 557 corresponding bases of the reference allele at the polymorphic positions, the likelihood is calculated as the 558 sum of matches at the polymorphic positions given a reference allele (for a matching position, the match 559 is quantified as the read base quality/maximum possible base quality, which is at maximum 1 for high 560 quality bases in the read that match the reference allele base) divided by the number of polymorphic 561 positions, a likelihood close to 1 suggests strong match between the read and the reference allele, the 562 likelihoods of the read to the two reference alleles is calculated, the posterior probability for the two 563 reference alleles given the read is then calculated by normalizing each likelihood by the sum of all 564 likelihoods, the read is assigned to the reference allele with the higher posterior probability. Reads that 565 cover less than 60% of the polymorphic sites between the two alleles are discarded. The remaining reads 566 that are assigned to either allele are then combined with the previously recorded reads belonging to each 567 allele from the previous step; for homozygous HLA genes, reads aligning to just one of the allele 568 reference sequence that cover at least 30% of the polymorphic sites with at least 60% accuracy are kept, 
